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Biomimetics:

Extracting Useful Principles 

From Nature’s Proven Solutions,

And Applying them in a

Technological Context for 

Human Benefit
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Points of Departure
• Living machine’s abilities can exceed 

those of our own

• Assume That Nature works using 
“Proven” solutions 

• Physics rules, so we can copy 
functions for our own use

• How can we interface with these?
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Biological Solutions:

1. Physics-based design permits analysis
2. Optimization via competition: 

• “The good designs eat the bad ones”
--- S.A. Wainwright, 1978 

3. Cannot assume her solutions are optimal 
• Multifunctional --- competing needs
• Function over Growth: 1 cm (Re 102) to 3m (Re 107)
• Hand-me-downs: no tabla rasa solutions

4. No teleology: selection acts on variations
5. “Good enough” --- not perfect, costs kept low 
6. Nature may be solving different problems
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Bio versus Techno:

Bio-Technology:

Wet, flexible
Heterogeneous 

Anisotropic 
Curved

Nonmetallic
Factories < product 

Multifunctional ! 
Ambient conditions

Healing
Etc.

Human Tech: 

Dry, rigid 
Homogenous 
Isotropic 
Rectilinear
Metallic
Factories > product
Functions limited 
Heat/pressure
Repair/replace
Etc.
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Successful 
Biomimetics:

Requires a biologist to help extract 
the essential pieces of the puzzle 

from the evolutionary, 
developmental, and metabolic 

baggage
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Fish Story

• Job was to create a swimming fish
by copying relevant structures

• began by rendering the complex 3D 
musculature, skeleton, and 

collagen rigging of the world’s 
fastest fishes (from casts, x-rays, 
dissections, histology, literature)
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Fish Story
Some relevant structures:
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Practical extraction = Abstraction

Need to sift the essential features
contributing to the function of interest 

from the 1000’s of other features

Functional Morphology
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Modeling: Abstraction

Red V.S. model

Real B.B. w/fibers

Blue V.S. model w/fibers

M.H.S. models/photos

Working tuna model

Complex follow-ups

Then…
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TwiddleFish/Nektor
• Almost no structure to 

speak of

• Quantified close match 
shape, flex. stiffness

• But: A key property off by 
factor of 1,000…

• !!! Performance better 
than ½ of real ones

• Requires just one channel 
of control 
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Bounty of results

• Artifacts discovered, described

• Novel phenomena encountered

• Fundamental principals uncovered 
and quantified

• Feedback for biology
– New questions

– New results

• Spin-off technology: maneuvering 
thrusters, Nektors™

Copyright 2001 Nekton Research, LLC

Nektors
Maneuvering thrusters

• Simple

• Quiet

• thrust in any direction

• 4 Nektors = holonomic motion

• Compared to prop of = swept area:
– >> 4 times the thrust

– << 1/10th the time

• Does a different job than propellers

• Also permits amphibious applications
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Nektors

Maneuvering thrusters

• Simple, but: full description of the 
dynamics are vital for properly 

exploiting the behavior space
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PilotFish, Gamera, 
DragonFly, etc…

New class of agile vehicles (vids)

Biomimetic portions:

• 3 Unsteady thrust mechs

• Anaerobic power levels

• Fins on periphery 

dumping Nature:

• Use of Rotary motors

Goal: simplest merging 

of best of both worlds
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Fish Story, Conclusion

Very little was required for function, 
no anatomical features needed

Shape, materials, 1axis of actuation, 1 
channel of information out…

(note: all morphs work, water and air)

Big Problem: Control
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Europa U.I. Mission = AUV

• Total mass budget: 
– 350 kilos for lander + payload
– 60 kilos for cryobot + payload
– Roughly 2 kilos for hydrobot (MAUV)

• Best current small AUV (whoi’s remus) 
masses ~ 35 kilos (~20x too large)

• Mission requires enabling tool
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Needed: Tiny AUV

• Must be at least an order of magnitude 
smaller than anything now fielded

• Must be easy-launch: crew is 1-light-hour 
away; cannot retrieve it

• “50% rule” --- need at least two subs 

• Losses higher under ice

• Fully functional (NAV, COM, etc)
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and…

K.I.S.S.
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Does Nature Offer 
any Solutions?

• Unicellular organisms possess 3D guidance 
“software” that permits them to find food, 
mates, and generally avoid death

• Very simple: they are cells

• Eukaryotes, prokaryotes, and spermatozoa

• Orientation mechanism thought to be B.R.W.
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Paramecium Guidance

• Known for 100 yrs: free-swimming organisms 
<1mm swim in a helical pattern (Re 10-1)

• Crenshaw, 90’s: 3D, kinematic, nonrandom 
model successfully predicts behaviors 

• Works down to ~ 10 micrometers (RDL)
• A true taxis
• Our Challenge: extract paramecium’s 

method and use it for Micro-AUV guidance at 
Reynolds numbers above 105
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Mecha-Paramecium?
• Could attempt to copy 

morphology complete 
with cilia – a rather 
tedious path

• Method requires only 
helical travel = dump 
morphology; achieved 
H.T. via other means (a 
prop and a fin)

Goal: Single channel of 
control for 3d 

guidance

70-gram AUV, range >30 
kilometers, speed is ~1 ms-1, 
depth-rated to 100 meters ---

Has just one moving part
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MicroHunter MAUV

• practice in 8 m tons of silicone oil to 
copy Reynolds number --- scratched

• Tried water, got good rough results

• Had to create dynamic model of MAUV

• New (non-micro) problems met and 
solved

• Success: same rule works at  Re >>105

• Permits current record for world’s 
smallest AUV (show vid)
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MicroHunter MAUV

• Very simple, but:

• Control is non-
intuitive

• Mechanism is robust 
when tuned properly, 
but---

• It must be tuned 
properly

• Simplicity has it’s own 
price Micro-AUV possess acoustic link, 

performs CTD, 3D search patterns 
as defined by the user
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Lessons

• Can extract Nature’s tricks
• Huge changes in context possible
• Must carefully dump most of Nature’s design 

baggage 
• Biologists essential to discriminate wheat from 

chaff throughout effort
• Tech development path feeds back to bio 

research, which feeds back to tech, etc.
• KISS principle vital to success, but ---
• Control challenge is the price paid for 

resulting “simple” designs
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Recommendations
• True interdisciplinary teams required

• Bring the biologists in on technology 
develeopment from start to finish

• Many solutions are to be found in unexpected 
contexts

• Many solutions (or extrema therein) are not 
exploited by organisms

• Those that are, may not be optimal, or even 
desirable --- differing motives

• State problems as fundamentals

• Separate high-level/low-level control (required 
by T.O.F. delay and topology)
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~Fin~


